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Abstract 
The present work is carried out within the European FP7 project SEARCH, in which the MYRRHA demonstrator reactor is 
designed to be able to operate both in ADS mode and in critical mode using lead-bismuth eutectic (LBE) as primary coolant. 
According to the project task definition, the pin failure and fuel dispersion scenarios in severe accidents have to be extensively 
studied for reactor safety analysis. In this paper, the unprotected severe transients analyses for the MYRRHA-FASTEF critical 
core were performed using SIMMER-III code. The aim of the current work was to obtain a deeper understanding of core material 
redistribution processes before and after pin damage, since the Archimedes force could move pellets, chunks and fuel particles 
upwards out of the core and redistribute them into the upper pool region and peripheral structures. Starting the simulations with 
the steady state calculation, relevant parameters reflect good agreement with the design operational conditions. For the transients 
three postulated severe accident scenarios were proposed that may possibly lead to pin failure and furthermore core damage: 
unprotected loss of flow (ULOF), unprotected transient overpower (UTOP) and unprotected blockage accident (UBA), where in 
particular the entrance of fuel assembly is blocked as a side window is still open. The three transients, starting from the steady 
state conditions, have been investigated. The calculation results show for the MYRRHA-FASTEF that under the conditions 
chosen all simulated transient cases do not lead to a pin failure and fuel redistribution. 
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1. Introduction 
MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) is based on the ADS 
(Accelerator Driven System) concept where a proton accelerator, a spallation target and a subcritical reactor are 
coupled [1]. It should demonstrate the ADS full concept by coupling these three components at a reasonable power 
level to allow the operation feedback. As a flexible irradiation facility, the MYRRHA research facility in SCK-CEN 
should also be able to work in a critical mode. MYRRHA-FASTEF (FAst Spectrum Transmutation Experimental 
Facility) critical reactor has been designed as pool-type cooled by liquid lead-bismuth eutectic (LBE). Due to the 
specific characteristics of LBE as coolant, the possible transients are being studied within the work performed in the 
European FP7 CDT and follow-up SEARCH projects [2].  
For liquid metal cooled fast reactors, an important safety issue is related to severe accidents with fuel melting and 
pin disruption. In case an accidental event occurs, pin disruption might take place at local scale. Hence it is very 
essential to make sure what kinds of accidents possibly would be able to trigger the potential pin disruption. 
Unprotected transient over-power (UTOP), unprotected loss of flow (ULOF) and unprotected coolant flow blockage 
accident (UBA) have been proposed with the working package of SEARCH and have been investigated by KIT with 
the SIMMER-III code which has been used as a severe accident analysis tool for its merits on pin failure scenarios:  
(1) Coupling with neutronics model [3]: as a fully thermal hydraulics neutronics coupled multi-physics code, 
SIMMER-III is a powerful tool for the transient analyses. SIMMER-III is a two-dimensional, multi-velocity-field, 
multi-phase, multi-component, Eulerian, fluid-dynamics code coupled with a fuel-pin model and a space-time and 
energy-dependent neutron kinetics model. 
(2) Including thermal expansion model [4]: the thermal expansion reactivity feedback is one of the major effects 
in the critical reactor in particular in case of UTOP and ULOF transients, we have to take account of it for the 
MYRRHA-FASTEF core as well. The first model for reactivity feedback effects of structure and fuel thermal 
expansion has been completed within SIMMER-III framework. In the radial direction steel structure thermal 
expansion is considered, while in the axial direction the fuel thermal expansion is considered as well. There are two 
parts concerned in the programming: mesh changes due to the thermal expansion and their reactivity feedback. 
(3) Capability to Pb/Bi two phase flows: For LBE coolant, the model of multiphase flow conditions is essential 
for the simulation of pin failures with the release of fission gas from the gas plena especially for the UBA transient. 
The fluid-dynamics part of the code has also been improved to be able to simulate the phenomena of gas-Pb and 
Pb/Bi two-phase flows as it might occur under core disruptive accident conditions [5]. 
(4) SIMMER-III uses an elaborate scheme for Equation of State (EOS) functions for fuel, steel, coolant, absorber 
and simulation materials. Moreover, EOS functions for Pb and Pb/Bi eutectic coolants have been newly prepared 
and evaluated [6].  
Our previous extensive investigations [7] about ADS are also providing significant experiences for the current 
study of LBE-cooled MYRRHA-FASTEF critical core. As requirement for safety analysis several transient cases 
have to be studied in order to investigate and assess the safety potential. The paper firstly addresses the SIMMER-III 
modeling from the design, via the steady state calculations to the three transients studied.  
2. SIMMER-III model of the core and steady state results 
2.1. SIMMER-III model of the MYRRHA-FASTEF critical core 
The MYRRHA-FASTEF critical core (current design version) has been modelled using the SIMMER-III code. 
The core consists of five types of sub-assembly (SAs): 69 original fuel assemblies, 7 in pile section (IPS) assemblies, 
6 control rod and 3 shut-down rod assemblies, 1 ring of 24 inner dummy assemblies (hexcan structure and LBE) and 
1 ring of 42 outer dummy assemblies (YZrO or steel rods) enclosed in a barrel of 1470 mm outer diameter and 40 
mm thickness. The total number of fuel assemblies has been subdivided into 6 fuel rings in the core. As Fig. 1 shows, 
the 5th radial ring is used to represent the IPS region. Fuel rings are located at the radial mesh positions 1, 3, 7, 9, 13 
and 15. Control rod and shut-down rod are assigned together at radial mesh position 11. Narrow coolant channels are 
modelled by the radial mesh positions 2, 4, 6, 8, 10, 12, 14 and 16 in order to take into account the inter-wrapper 
flow and the radial heat transfer between SAs. The inner and outer dummy SA rings are assigned at radial mesh 
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positions 17 and 18 without taking into account of the inter-wrapper flow. The pump head can be well represented in 
the simulation through a KIT implemented pump model [8]. A similar treatment of the heat exchanger originally 
proposed by Meloni, Bandini [9] has been adopted as well.  
A special design variant of MARRHA-FASTEF is a side window arranged in the subassemblies so that the 
coolant can still flow through the gap and the side window into the sub-assembly inside. For modelling this effect 
we opened a window between the first ring (also the SA) and the hexcan gap. The details can be founded in Fig. 2, 
(a) is the inlet of SA, (b) is side window. The main purpose of this paper is also mainly to investigate how much 
flow-diversion effect the side window has in case of an inlet blockage occurrence. 
                   
Fig. 1. geometrical model in SIMMER-III.    Fig. 2. (a) inlet position;         (b) side window position of the central SA. 
2.2. Steady state results 
The steady state analyses of the MYRRHA-FASTEF critical reactor were performed at the end of cycle (EOC) 
conditions. In particular the agreement of the mass flow rate distribution was obtained by adjusting the orifice 
coefficients of different kinds of sub-assemblies, where the orifice coefficients of the six fuel channels are kept same. 
The thermal hydraulic and neutronics parameters calculated by SIMMER-III match the reference values well. For 
the sake of simplicity only main parameters are shown in Table 1. Please note that the representative rings radial 
mesh numbers in Figure 1 are converted as the dimensions accordingly in the discussion later for instance the 18th 
ring corresponds 0.674 m position in the radial direction. The radial temperature distributions of the coolant, 
cladding, fuel surface, pin and fuel centre line are shown in Fig. 3, while the axial ones for the same quantities in 
hottest ring are depicted in Fig. 4. 
Table 1. Comparison between design and calculation. 
Parameter (unit) Reference SIMMER-III 
Inlet average temperature (°C) 270 270 
Outlet average temperature (°C) 410 408 
Power (MW) 100 99.04 
Peaking factor: radial(-) 1.423 1.578 
Peaking factor: axial (-) 1.144 1.167 
Peaking factor: total (-) 1.662 1.842 
Table 2. Mass flow rate and power per SA.  
Ring No. Mass flow rate per SA (kg/s) Power per SA (MW)
1 81.39 2.21 
3 70.77 1.92 
7 70.71 1.74 
9 70.41 1.45 
13 70.05 1.04 
15 68.79 0.83 
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Fig. 3. radial temperature distributions at the core midplane.                       Fig. 4. axial temperature profile at the active-core hottest ring. 
The mass flow rate per SA in six active rings is shown in Table 2 together with the associated power per SA. This 
distribution is depicted in Fig. 5 for a direct impression. The mass flow rate and power in the fourth fuel ring are 
quite close to the average values. A particular feature of the SIMMER-III calculated results is that the mass flow rate 
distribution is not so flat as the single channel calculation, where the inlet and outlet pressure is assumed to be same 
for every channel and each channel is regarded as separated. As shown in Fig. 6 except channel 1 which is later used 
in the blockage simulation, the deviations from the average value are 4% and 5% for the hottest (innermost) and 
coldest (outermost) channels, respectively. As for the power distribution from each ring is with critical distribution: 
cosine function like. The power per SA in central ring (subassembly) is higher due to the more mass flow rate which 
is a result of opening a side window.  
    
                 Fig. 5. power per SA distribution.    Fig. 6. mass flow rate per SA distribution. 
The inlet and outlet coolant temperature distributions are depicted in Fig. 7. The temperature rising in the active 
channels is a direct consequence of the power to flow-rate ratio. Because of large dummy bypass flow, the hottest 
coolant is concentrated at the center of reactor and the flow in sixth fuel ring is also affected by the bypass flow 
leading to a suppression of the natural convection flow.  
It can be concluded for the steady state calculations that the distributions of the mass flow rate, temperature and 
power are reasonably corresponding to the design conditions, providing a sound basis for the following transient 
analyses. For fuel pin failure, the criterion is that pin starts transient behaviors once the cladding temperature reaches 
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melting point 1480 °C, as the cladding mechanical failure occurs. 
Fig. 7. inlet and outlet coolant temperature distributions. 
3. Analyses of transient cases 
3.1. Analyses of unprotected loss of flow 
A traditional transient analyzed for fast reactors is the unprotected loss of flow (ULOF). The consequences of the 
transient strongly depend on neutronics feedback and the natural convection ability. The ULOF considered for 
MYRRHA-FASTEF core has been defined as the pump head halving time 2 seconds. An exponential function is 
adopted for the pump head coast down as: 
max max
max
(1 / )exp( ),
0,




   (1)
where a and tmax are two fitting parameters and p0 the initial pump head. The case was fitted by a pump rotation 
inertia of 100 kg m2 and is a variation for a halving time 2 seconds with parameters a = 0.29 and tmax = 20 seconds 
[10].  
Besides our calculation, the ULOF transients benchmarks have been as well organized with the partner ENEA 
and SCK-CEN [11] as shown in Fig. 8. Our asymptotic power level (49% of nominal value) is quite different from 
those of other groups (around 40%), one of most significant effects is that the coolant feedback is strongly space 
dependent which can be simulated by the space-time kinetics in SIMMER-III. A detailed explanation of the 
derivations can be found in [11]. The peak fuel temperature is stabilized at 1537 °C and the peak cladding 
temperature is stabilized at 898°C. In general as confirmed from other partners it can be noted that the ULOF will 
not trigger a possible server accident.  
3.2. Analyses of unprotected transient of over power 
In case of a seismically caused core compaction, unprotected transient of over power (UTOP) could be triggered 
from its initial steady state with a 315 pcm (1 Dollar) reactivity insertion into the core within 2 seconds. As a result 
of the reactivity insertion, the power increases while the reactivity in the core is still below critical and the system 
will finally stay at a new stabilized state with a power around 59% higher than that of the initial steady state as 
shown in Fig. 9. In the same figure the benchmark calculations are displayed. Our asymptotic power level is a little 
 Rui Li et al. /  Energy Procedia  71 ( 2015 )  14 – 21 19
higher than others because a constant gap conductance model was used in the current calculations, which neglects 
the gap becoming narrower due to the fuel pellet thermal expansion. For the peak fuel temperature, our simulation 
shows its value is stabilized at about 2930 °C while the peak cladding temperature is 695 °C. Hence, a 315 pcm 
reactivity insertion will not cause any pin failure under the current simulation conditions. 
 Fig. 8. comparisons of calculated power in case of ULOF.  Fig. 9. comparisons of calculated power in case of UTOP. 
3.3. Analyses of the unprotected inlet blockage accident 
The unprotected blockage accident (UBA) represents a possible path to the core damage. It is a classical accident 
in the area of severe accident analysis for liquid metal cooled fast reactors and has traditionally played an important 
role in the safety assessment and licensing. Within the SCARABEE-N experimental program [12] extensive studies 
have been made for a sodium cooled reactor model. The key question was, in the first place, if and how damage 
propagation from a single blocked subassembly could take place; and later on, if propagation (and whole core 
involvement) must be expected or can be excluded. The same question should be answered for the LBE cooled 
MYRRHA-FASTEF. For LBE cooled reactor conditions with missing operational experience, the potential of 
corrosion and oxidation product formation the blockage accident is of special interest.  
The subchannel propagation possibility and mechanism in subassembly scale originally from a single blocked 
subassembly has been preliminarily investigated [13]. Since in the current design we keep a side window open, the 
so called side window blockage has also been studied in the project. Basically in total there are three types of 
blockages to be studied: total inlet blockage (the subassembly entrance blockage), side window blockage and flow 
rate blockage (grid plate blockage). These blockages take place in different positions. In this paper we focus on the 
inlet blockage only, in order to examine the flow-splitting effort as mentioned. Here we assume the side window 
shares around 50% of the total blocked SA flow rate: which means the flow between inlet and side window is half-
half distribution. 
As seen from Fig. 10, a complete inlet blockage is launched after the steady state, the blockage was technically 
done by adjusting friction coefficient in SIMMER-III code. When the inlet is completely blocked suddenly which 
means its flow rate is zero, the simulation result shows the side-window flow rate increases 65% due to the pressure 
drop provided by pump. The total flow rate in blocked SA is composed of inlet rate and side window flow rate. The 
flow rate in blocked SA is decreasing (due to blocked inlet) but not too much (due to side-window flow rate 
increase), at 75% of under normal operation before blockage. The fuel and cladding temperatures in the peak 
channel are 2360 °C and 787 °C respectively. The power history decreases about 7% in the meanwhile the coolant 
outlet temperature increases 12% which is still acceptable within design values.  
The simulation has shown that under the condition of a total inlet blockage with an open side window no cladding 
or fuel failure takes place. The other two types of blockages also have to been studied, but are not reported here. 
Analyses have shown that with a reduction of around 83% of the flow rate a pin failure might be triggered.  
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Fig. 10. power and outlet coolant temperature history in case of inlet blockage. 
4. Conclusion and future work 
In accordance with the requests from MYRRHA-FASTEF project the critical reactor has been set-up by the 
SIMMER-III code and analysed. The postulated severe accident scenarios, starting from steady state conditions, 
have been investigated. The main results can be described as follows: 
1. The MYRRHA-FASTEF critical core design has been ring-wisely implemented by SIMMER-III code, the 
geometry also includes a side window which is open as a particular design option for an inlet blockage occurrence. 
The steady state calculation reflects well the design operational condition as reported in associated studies. 
2. Results of all proposed transients, namely ULOF, UTOP and inlet UBA cases will not lead to serious problems 
in the core with pin failure. The core under the proposed design condition can finally arrive at a safe condition. The 
analyses thus demonstrate the general high safety potential of MYRRHA-FASTEF critical core. 
3. Further analyses will be performed for the two other blockage types (side window and grid plate blockages).   
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